In this paper a numerical study of the thermo-mechanical behavior of a low-carbon steel bar using fully coupled thermal-structural finite element analysis with an improved material model for ductile-to-brittle transition at high strain rates is presented. The study utilizes a phenomenological approach employing the updated Lagrangian formulation for finite strains, the J2 associative plasticity and the Jauman's objective rate in the form of the Green-Naghdi's objective rate in stress update calculation will be used. There will be numerical experiments carried out on the steel bar loaded in uniaxial tension at various strain rates and the most significant results of the study will be presented and briefly discussed.
INTRODUCTION
Modeling materials and structures under extreme operating conditions, including high temperatures, high temperature gradients, finite strains at high strain rates etc. represent a challenging task in computational mechanics. There are different approaches in solving such problems that either employ phenomenological models [1] at a meso-scale level, at a multiscale level utilizing various length scales [2] , or considering the microstructure of a material at a microscale level [3] - [4] . It is also well known that some materials, such as low carbon steels, certain polymers, etc. experience ductile-to-brittle transition at low temperatures or at very high strain rates. The theory of viscoplasticity is used exclusively to model the ductile-to-brittle transition of the material at high strain rates in the few computational models [5] , [7] that address the issue. The biggest disadvantages of viscoplastic models are that they neither allow mixed plastic-viscoplastic deformations nor do they model the transition between them, thus their validity is restricted to regions with high strain rates or their close neighborhood. In this paper, a simple but universal material model is presented, which is capable of simulating the ductile-to-brittle transition in the whole domain of strain rates including the limit points, when pure elasticplastic/elastic-brittle deformations, take place corresponding to zero/very high strain rate.
THEORY
Our research studies the behavior of a solid deformable body by means of fully coupled thermal-structural finite element analyses at the meso-scale level [8] using phenomenological methods. We assume that the modeled material is initially homogenous and isotropic and that the SCIENTIFIC PROCEEDINGS 2011, Faculty of Mechanical Engineering, STU in Bratislava Vol. 19, 2011, pp. 100-105, DOI: 10.2478/v10228-011-0017-9 body loading is purely mechanical. The only heat exchange between the body and its surroundings is realized via convective heat transfer.
GOVERNING EQUATIONS
Considering the updated Lagrangian formulation for finite strains, the motion of the body is governed with equations (1)-(5) that describe the balance of mass, the balance of linear momentum, the balance of energy and the applied boundary conditions (BC):
T , = ,
BC:
Here 0 , , , , , , , , , , , , , , ,
,denote the Cauchy stress tensor, the strain rate tensor, the heat flux vector, the body force vector, the velocity vector, the surface traction vector, the unit outward surface normal vector, the internal energy per unit volume, the heat generation rate per unit volume, the normal heat flux, the material densities in current and initial configuration, the Jacobian or the determinant of the deformation gradient, the heat transfer coefficient, the surface temperature and the bulk temperature respectively. The corresponding weak forms for the updated Lagrangian formulation then are expressed with equations published in [9] , [10] for finite element analyses.
RHEOLOGICAL MODEL FOR STRESS UPDATE CALCULATION
The one dimensional (1D) rheological model depicted in figure 1 ,
on its parallel arms giving the resultant Y σ force at its free ends, when plastic flow takes place in the material. The device operates in such a way that for 0 x = no elastic deformation takes place in the material since the frictional force on the lower arm of the 1D frictional device becomes zero. On the other hand if 1 x = the classical elastic-plastic material model is recovered. Moreover if the deformation rate is zero, the upper arm of the device containing the viscous damper becomes inactive. It is obvious from the construction of the device that the definition of variable x must somehow be related to the forces acting on the spring (E) and the damper (D).
Fig. 1: One-dimensional frictional device to model ductile-to-brittle transition
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The three dimensional (3D) extension of the 1D model is actually an improved version of the constitutive equation with internal damping published in [9] and [10] using small strain theory, J2 associative plasticity and the Kelvin-Voigt's model, and its finite strain counterpart [11] that employs the updated Lagrangian formulation. In the stress update calculation the classical theory of plasticity is used by splitting the co-rotational ˆT = σ R σ R Cauchy's stress tensor (6) into two objective stress rates, an incrementally changing elastic part (7) and an instantaneous viscous part (9) as follows: case is determined in the plastic corrector phase during return mapping as follows (Fig. 2) . The mathematical definitions of the variables appearing in figure 2 are expressed with the following formulas: . n damp trial n trial
Variable x (17) is the ratio of the projection of the elastic trial co-rotational Cauchy's stress increment and the trial total co-rotational Cauchy's stress increment into the unit outward normal vector N direction of the actual yield surface. It is obvious from the definition that the x value decreases with increasing strain rates and vice versa. Moreover as the ratio of the ductile/brittle damage is determined form the trial values of the appropriate stress increments, it is essential that the material properties used in the corresponding elastic/damping material tensor calculation be correct, which normally would presuppose considering the deterioration of the aforementioned material tensors due to damage employing damage variables [8] in the analysis with no significant changes in the tensors during return mapping, which also prerequisite using small time steps in the analysis. In this paper we disregard the damage variables in the analysis as there is no point in proposing formulas for them without rigorous experiments. In order to distinguish between ductile and brittle damage in the material we define an accumulated plastic strain and an effective plastic strain as the measure of ductile/total damage of the material as follows: Accumulated plastic strain:
where
Effective plastic strain
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OTHER PARTS OF THE MODEL
The proposed mathematical model is universal and it does not depend on the particular material model used in the analysis. In this paper the Von-Mises material model with isotropic hardening is employed. The model formulation along with the used constitutive and evolution equations was discussed in details in [9] , [10] for small strain elasto-plasticity as well as in [11] for finite strain elasto-plasticity and will not be discussed here.
DISIPATION INDUCED HEATING
During deformation a certain amount of the supplied mechanical energy either dissipates into heat or gets consumed by other dissipation processes, such as creation and rearrangement of crystal defects and formation of dislocation structures [12] . To determine the exact portion of the dissipated energy that changes into heat represents a difficult experimental task [13] , [14] . A typical ratio of plastic work converted into heat is between 0.9 1.0 [15] , however this value might greatly differ for various steels with average values between 0.75 1.0 [12] . The ratio is generally assumed to be constant, independent of plastic deformation and strain rate. Even less experiments have been carried out to determine the internal damping induced heating in which usually cyclic loads beneath the plastic limit of the material are used to find a mathematical formula for heating. Unfortunately only a few of them have been devised for continuum; and in almost all of them the ratio of the dissipated energy converted into heat is assumed to be 1.0 [16] , [17] . In this paper we assumed that 80% of the dissipated mechanical energy turned into heat, then we defined the heat generation rate per unit volume as follows 0.8 : 0.8 : ,
Here the first term on the right-hand side denotes the plastic heating and the second term stands for the internal damping induced heating. It should also be emphasized that the coefficients in (23) are not necessarily correct and in order to determine their exact values rigorous, in general amplitude and frequency dependant experiments have to be carried out.
NUMERICAL IMPLEMENTATION OF THE MODEL
The model at this stage is being implemented in our own finite element code using an 8 node brick element with linear shape functions and the trapezoid rule in implicit time integration of the governing partial differential equations (PDE) (1)-(5).
CALCULATION
In this work a notched low-carbon steel bar in axial tension will be studied using various strain rates. One end of the bar will be fixed and the second end will undergo a predefined constant axial deformation. The time step as well as the number of substeps will be varied to change the strain rate value while maintaining convergence. The most significant results of the analyses will be outlined and briefly discussed.
